ra of environmental, genetic, and epigenetic factors contributes to the range of variation. Regardless of the cause or influence, the entire range of skeletal and dental developmental variation between people is the inter-individual variation in developmental timing (IVDT).
The environment can influence IVDT either as developmental stressors (nutritional or pathological) or via developmental plasticity. Developmental plasticity is the phenotypic response to the environment given an individual's genetic and epigenetic profile (Hochberg et al., 2011; Houston & McNamara, 1992; Kuzawa, 2012; Wang et al., 2014) . Genetic variation and developmental plastic variation are susceptible to evolutionary forces, referred to at the inter-species level as heterochrony (Bogin, 1997; Love, 2014 ). An example of genetic and epigenetic differences in IVDT include the known difference between the sexes (Badyaev, 2002; Ogden et al., 2002) ; males are known to develop more slowly on average than females (Badyaev, 2002; Greulich & Pyle, 1959) .
Differences in ancestry also must be considered when using developmental timing standards, as a method developed for one population may not be accurate for another population. This can result in either under or overestimation of an individual's developmental age (Haiter-Neto, Kurita, Menezes, & Casanova, 2006; Zhang, Sayre, Vachon, Liu, & Huang, 2009 ). Additionally, differences in population histories (e.g. famine or slavery) can delay or slow the development of disadvantaged groups (Jasienska, 2013; Ribot & Roberts, 1996) .
Non-evolutionary related variation over time also can occur. This is secular change, which is often associated with variation in environments such as improved nutrition and increased caloric intake (Garn, 1987) . While the effects of secular change on the skeletal system and on total body size have been known for well over a century (Boas, 1912) , the possibility of secular change affecting the dental system is a more recent field of study (Cardoso, Heuze, & Julio, 2010; Nadler, 1998; Rautman & Edgar, 2013) . Regardless of the many causes, origins, and types, the entire range of variation is included in IVDT.
When the two systems are compared to each other, rather than to chronological age, a common finding is that the skeletal system is more susceptible to environmental and developmental stressors than is the dental (Cardoso, 2007b (Cardoso, , 2007a Demirjian, Buschang, Tanguay, & Kingnorth Patterson, 1985; Flores-Mir, Mauicio, Orellena, & Major, 2005; Lewis & Garn, 1960) . Large discrepancies between chronological age and either skeletal or dental age may be an indicator of an underlying disease or condition or of some other developmental stressor.
Numerous studies of the skeletal and dental systems have considered the systems individually and together (Cardoso, 2007b; Hunt & Gleiser, 1955; Lauterstein, 1961; Lewis & Garn, 1960) . Existing studies comparing the development primarily focus on mean/median/modal developmental phenotype, or else the correlation across the entire sample. The mean (most commonly reported) phenotype is crucial to understanding the development of that phenotype. However, the mean expression is not informative about the range of possible variation. Such studies assume that the approach to development is the same across the range of IVDT, and that the mean expression is sufficient. By reporting or considering standard deviation in addition to the mean, more focus is placed on the range of variation (Al-Juboori, Saloom, & Al-Bustani, 2012; Bagherpour, Pousti, & Adelianfar, 2014; Gupta, Divyashree, Abhilash, Bijle, & Murali, 2013; Sachan, Sharma, & Tandon, 2011) . Similarly, studies which utilize correlations do consider the entire range of variation (Anderson, Thompson, & Popovich, 1975; Arora, 2009; Bagherpour et al., 2014; Lauterstein, 1961; Saglam & Gazilerli, 2002) . Such studies assume that the skeletal and dental correlation is the same across the entire range of IVDT. They ignore the possibility that the relationship between the systems may vary through the IVDT range.
The current research considers whether the relative relationship between the skeletal and dental systems is the same throughout the range of IVDT by comparing the correlation of skeletal and dental development between subgroups whose skeletal or dental development was delayed, average, or advanced early in life. Subgroups are here defined independently by either the completed skeletal or dental development at age three. The entire sample was divided into subgroups each with 20% of the total IVDT. Of the resulting five quantiles per system (five skeletal and five dental), only three per system were considered in the subsequent analysis. These three were those 20% who were delayed; those who were average, the middle 20%; and those 20% who were advanced, all at age three. The delayed, average, and advanced skeletal quantiles were based on percentage of completed skeletal development at age three; while the delayed, average, and advanced dental quantiles were based on percentage of completed dental development at age three. The subsequent skeletal and dental development of each quantile were compared. The null hypothesis was that the relationship would be the same between the three skeletal quantiles and between the three dental quantiles. However, we predicted that the developmental trajectories would vary between those who were delayed, average, or advanced at age three. If the developmental trajectories were to vary between the three quantiles per system's IVDT, this would indicate that the relationship between the skeletal and dental systems is more complicated than is understood from the general assumption based on a consideration only of means or total sample correlations. This analysis of IVDT does not address the cause of the observed variation, nor should the findings be interpreted as being the result of a specific cause of variation.
Materials and Methods
The sample consists of 100 healthy females from the Bolton-Brush Growth Study, who were described by the study designers as White, of seemingly normal development, and who were without known major pathological conditions. Only one sex was considered for this study to avoid potential complication based on known sex differences in rates of development (Greulich & Pyle, 1959; Stinson, 1985) . In order to remove sex as a confounding variable females were chosen as they develop more quickly than males (Greulich & Pyle, 1959; Humphrey, 1998) .
The Bolton-Brush Growth Study is a combination of two related studies, the Brush Inquiry and Broadbent-Bolton Study, both of which began in the late 1920s in Cleveland, Ohio. The Brush Inquiry began in 1926 (Nelson, Hans, Broadbent Jr., & Dean, 2000 ) (or 1928 (Behrents, 1984 ) in order to study how healthy, normal children grew and developed (Nelson et al., 2000) . Included among the data from this study are radiographs of the postcranial skeleton, information on the mental and physical health and growth of the child, and information about the child's family and home environment (Nelson et al., 2000) . In 1929, the Broadbent-Bolton Study began with the initial purpose of understanding the dentofacial growth and development of normal, healthy children (Hans, Broadbent Jr., & Nelson, 1994) . This study included radiographs of the head and the hand-wrist, dental casts, and information on the health and developmental environment of each child. Although the two studies were independent, many participants were included in both studies. Of those individuals in the Brush Inquiry, 73% also participated in the Broadbent-Bolton Study, while 67% of those in the Broadbent-Bolton Study were also in the Brush Inquiry (Hans et al., 1994; Nelson et al., 2000) . Not all participants joined the studies at the same age. However, participants were seen every three months when less than one-year-old, every six months from one to five years old, and once a year after age five.
The selection criteria for the present study were that each girl must have been seen within three months of her third, sixth, ninth, and 12 th birthday. In cases in which pairs of sisters were seen at all four ages, only one sister was included. Birth dates ranged from January 1928 to May 1934 and were distributed as evenly as possible during this window. For each visit, the lateral cranial and handwrist radiographs were used to measure skeletal and dental development.
Skeletal and Dental Development
The level of skeletal development was determined by visual observation of left hand-wrist radiographs. The stage of development of 15 bones at 11 sites was determined using Greulich and Pyle's atlas of hand and wrist development (Greulich & Pyle, 1959) to quantify the development of carpals, metacarpals, the radius, and ulna (Table 1) . When a bone (e.g. trapezium) or epiphysis (e.g. first metacarpal) had not yet begun ossification, it was scored "1" (Greulich & Pyle, 1959) . When assignment to Greulich and Pyle's Stage 1 stated that ossification had already begun (e.g. scaphoid: "Stage 1: ossification usually begins from a single center, pg. 201), radiographs that showed no sign of ossification were scored as zero. Radiographs that were too blurry or out of focus to determine the devel-
Development Site
Range of Stages (Greulich and Pyle, 1959) with the range of ordinal stages and the total number of stages used to calculate obtained level of development. Stage "0" was added and defined as prior to the beginning of ossification.
opment at a site were scored as "non-observable" and excluded from further analysis. One author (ALMR) determined the level of attained dental development by visual examination of the permanent dentition as observed from lateral radiographs. The presence or absence of each tooth was noted, as was the stage of development. Stages were determined using Moorrees et al. (1963) stages from AlQahtani et al.'s (2010) dental age estimation chart (Table 2 ). Due to the nature of lateral radiographs, differentiating the central versus lateral incisor was complicated and was solved by scoring only one, presumably the first central incisor in both the maxilla and mandible. Although orthopantomograms are better suited for observing individual tooth development, the Moorrees et al. (1963) method was developed based on lateral radiographs. Furthermore, orthopantomograms are a more recent technological image and not commonly available in longitudinal studies such as the Bolton-Brush Growth Study. Additional teeth scored included maxillary and mandibular canines, third and fourth premolars, as well as first, second, and third molars. Siding was not possible, but only one tooth at each position was scored. When the quality of the radiograph or the angle prevented positively identifying a specif-ic tooth, the tooth was scored as "non-observable."
Intra-Observer Error
To test for consistent scoring, a subset of 20% of the radiographs were randomly selected to form an intra-observer data subset. This subset of 78 handwrist radiographs and 80 lateral cephalograms were then scored a second time. The numeric and "non-observable" scores per hand-wrist location and tooth were included. All scores within the intra-observer subset were compared between rounds of observations using a weighted Cohen's Kappa test (Viera & Garrett, 2005) using the statistical package R x64 3.2.3. Data from repeat observations were used only for the intra-observer test and were not included in further analyses.
Developmental Level Scoring
At each age, a composite score of percentage of attained skeletal and dental development was calculated for each individual. Hand-wrist radiographs with fewer than seven scored sites were excluded from analysis. Skeletal ordinal stages were converted into numbered levels (see Table 1 ). Ratios per site of percent development obtained were calculated based on the sites' number of stages and then a composite score of average skeletal (Moorrees et al., 1963; AlQahtani et al., 2010) and their description. The number in the Stage column is the number used to calculate level of obtained development.
development was calculated. Similarly, lateral radiographs with fewer than eight scored teeth were excluded from analysis. The ordinal stages of dental development were converted into numbered levels (see Table 2 ), ranging from zero for teeth whose formation had yet to begin, to 12 for completely formed teeth. Numeric levels were then converted to percentages of completed development and a composite score of average dental development was calculated. The final sample sizes of usable radiographs per age varied from 92 to 97 for skeletal development and 90 to 97 for dental development (Table 3a) .
Determining Quantile Subgroups: Delayed, Average, and Advanced
Quantiles used for analysis included individuals who were delayed, average, or advanced in their skeletal or dental development at age three, representing the range of normal variation. To define these quantiles, we divided the entire sample into two matched sets of five subgroups. Each set of quantiles was defined either by the percentage of completed skeletal development (skeletal quantiles) or the percentage of completed dental development (dental quantiles) at age three. When defining each set of quantiles, the systems were considered independently. Therefore, an individual's ranking of skeletal development influenced only their classification in the skeletal quantiles and did not influence the placement in the dental quantiles, and vice versa. The delayed quantile includes those individuals who had achieved the least amount of development, those in the lowest 20 th percentile. The average quantile included individuals in the middle quantile, those whose development was between the 40 th and 60 th percentiles. The advanced quantile contained the most developmentally advanced individuals, those in the highest 20 th percentile.
Subsequent analyses comparing developmental trajectories were based on two sets of three quantiles: delayed, average, and advanced skeletal development quantiles; and delayed, average, and advanced dental quantiles. All six quantiles were of similar size (Table 3b ). Although quantiles were defined based on one system at a time, some individuals fell in quantiles of interest for both systems (Table 3c ). By using these six quantiles, four questions could be examined:
For quantiles based on skeletal development: 1) How do the skeletal developmental trajectories compare between skeletal quantiles?
2) How do the dental developmental trajectories compare between skeletal quantiles?
For quantiles based on dental development: 1) How do the dental developmental trajectories compare between dental quantiles? 2) How do the skeletal developmental trajectories compare between dental quantiles?
Statistical Analysis
Descriptive statistics were calculated for the total original sample and for each quantile of interest at all four ages. Additionally, attained development composite scores were plotted against exact chronological age. For each plot, logistic growth curves (Fox & Weisberg, 2010) were calculated and added to the plots. Repeated measure ANOVA was used to test the significance of statistical models based on each question. These statistical models incorporated the composite score of obtained development When the repeated measure ANOVA showed the statistical model to be significant, a Tukey's HSD (honest significant difference) test was run for pairwise comparison of quantile groups. Analyses were completed using R x64 3.2.3 and STATA/IC 11.2 statistical programs.
Results
Weighted Cohen's Kappa test (Viera & Garrett, 2005) of intra-observer error showed consistent agreement in development scores. For dental development, the weighted Cohen's Kappa was 0.811, demonstrating almost perfect agreement, while the weighted Cohen's Kappa for skeletal development was 0.792, demonstrating substantial agreement and falling just below the 0.81 cutoff for almost perfect agreement (Landis & Koch, 1977) .
In agreement with previous studies (Cardoso, 2007b; Flores-Mir et al., 2005; Lewis & Garn, 1960) , descriptive statistics show that, overall (Table 4a) , skeletal development is more variable than dental development at all ages (Table 5a ). However, this difference did not hold up for all quantiles of interest, as for some quantiles, the variation in dental development was greater than for skeletal.
Results for Quantiles Based on Skeletal Development
For skeletal based quantiles, the descriptive statistics (Table 4b) fail to demonstrate consistently greater skeletal development variation than dental (Table 5b) . At age three, the reverse is true for all three quantiles. The dental development continues to be more variable at age six for the average and advanced quantiles. At age nine, the dental varia-tion is greater only for the advanced quantile, but at age 12, only the average quantile demonstrates higher dental variation than skeletal. These differences suggest that there are differences in skeletal and dental development between those who were delayed, average, or advanced in their skeletal development at age three. Figure 1a depicts skeletal developmental trajectories of the three skeletal quantiles versus exact chronological age. The three lines represent the logistic growth curves per skeletal quantile. The difference in mean age per quantile decreases continuously between the delayed and advanced quantiles as the individuals age. Despite the narrowing differences, the three quantiles continue to follow their own trajectories. A repeated measure ANOVA was run on Model 1, comparing the skeletal developmental trajectories of the three skeletal quantiles (Table 6a ). The model was found to be significant (F=179.43; p<0.0001). Age, as well as the interaction of age and skeletal quantile, was also significant. The R-squared value for the model was 0.9869. Based on the model's significance, a Tukey's HSD pairwise comparison was run to test the effect each quantile's pairing had on the complete model (Table 6b ). This test demonstrated that all three comparisons between the skeletal quantiles were significantly different in their mean scores. Figure 1a and 1b depict the developmental trajectories versus exact chronological age of the same individuals within the skeletal quantiles of interest. However, while Figure 1a compares the skeletal development, Figure 1b compares the dental development. The trajectories of the delayed and average quantiles are similar and, in fact, cross over each other. A repeated measure ANOVA was run on Model Q2, comparing the dental development of the three skeletal quantiles (Table 7a ). The model was significant (F=128.47; p<0.0001). The influence of age was significant in Model 2, as it was in Model 1. However, unlike Model 1, the interaction between age and the skeletal quantiles was not significant (p=0.4578). The R-squared was 0.9822, which is slightly lower than that for Model 1 yet still a high value. Because the model was significant, a Tukey's HSD pairwise comparison was run (Table 7b ). The results of this test differ from those of Model 1 in that not all the pairwise comparisons are significant. Only those comparisons that include the advanced quantile are significant, while the interaction between the delayed and average quantiles is not.
Model 1: Skeletal Developmental Trajectories of Skeletal Quantiles

Model 2: Dental Developmental Trajectories of Skeletal Quantiles
Results for Quantiles Based on Dental Development
The descriptive statistics of the dental based quantiles (see Table 4c ) demonstrate that, for the delayed and average quantiles, dental development is consistently less varied than skeletal development (see Table 5c ), as is predicted. However, the advanced quantile varies by age in terms of which systems' development has greater variation. At ages three and nine the skeletal development is more varied, while ages six and 12 have greater variation in the dental development.
Model 1: Dental Developmental Trajectories of Dental Quantiles
In Figure 2a , the dental developmental trajectories of the three dental quantiles versus the exact age is shown. Model 3 is similar to Model 1 in that the system's development being measured (dental for Model 3, skeletal for Model 1) is the same as the system upon which the quantiles were defined. From age three to age 12, the difference in dental development between the delayed-dental quantile and the advanced-dental quantile decreases. However, the decrease does not occur continuously, as it does for Model 1. The dental development of the three dental quantiles was compared by a repeated measure ANOVA (Table 8a) . As was the case with Models 1 and 2, Model 3 was significant (F=154.32; p<0.0001). Corresponding to the observed significance of Model 1, in Model 3 age was significant, as was the interaction of age and dental quantile. The R-squared was 0.9848. As Model 3 was significant, Tukey's HSD was again run. The results of the Tukey's HSD demonstrated that all three pairwise comparisons between the dental quantiles were significant (Table 8b ). This consistent significance of the pairwise comparisons is similar to Model 1, in which the skeletal development was compared between the skeletal quantiles. Figure 2b depicts the skeletal developmental trajectories of those individuals whose dental development was delayed, average, or advanced at age three. This mixed combination of systems is similar to Model 2, although Model 4 includes the same individuals as Model 3. The repeated measure ANOVA of Model 4 (Table 9a) found that the model was again significant (F=98.95; p<0.0001). The pattern of significance for Model 4 matches that of Model 2. Age was significant, while the interaction between age and dental quantile was not (p=0.39665). Of the four models, Model 4 has the lowest R-squared (0.9769), although the R-squared value is still quite high. Tukey's HSD was required as the model was significant (Table 9b ). Of the pairwise comparisons in Model 4, only that between the average and advanced quantiles was significant. The delayed quantile mean was not significantly different than either the average or advanced quantiles.
Model 2: Skeletal Developmental Trajectories of Dental Quantiles
Discussion
The null hypothesis, that the developmental trajectories do not vary between delayed, average, and advanced individuals, failed to be rejected univer- sally. When the quantiles were defined based on the skeletal system, the skeletal developmental trajectories clearly differ between the delayed, average, and advanced quantiles. This is evident in the continuously decreasing differences between the delayed and advanced quantiles, as depicted in Figure 1a . The significance of the interaction terms in Model 1 indicates that the trajectories are different; they are not parallel versions simply offset from each other. This means that the rates of skeletal development differ, as do the absolute agespecific developmental percentages quantiles. The null hypothesis was, therefore, rejected based on the significance of the Tukey HSD test of Model 1. However, when the dental development of these same individuals was considered in Model 2, the three quantiles did not follow significantly dif-ferent developmental trajectories; only the advanced quantile was significantly different from the other two. The non-significance of the interaction term from Model 2's repeated measure ANO-VA indicates that the trajectories are parallel. Therefore, while the rate of dental development is similar for the three quantiles, those who were skeletally advanced begin and remain relatively advanced dentally.
This difference in significance is unexpected. Growth charts, such as those released by the World Health Organization (WHO) and Center for Disease Control (CDC), show that percentiles diverge as individuals age (WHO Multicenter Growth Reference Study Group, 2006) . The Greulich & Pyle logarithmic development graphs are suggestive of different developmental trajectories (Greulich & , 1959) , which also influenced the hypothesized difference between quantiles. If the two systems are correlated, and the body's approach to the development of both systems is the same, then it would be expected that the developmental trajectories of the dental system would also be significantly different, given the skeletal system's trajectories. That the dental system in general varies less than the skeletal system does not seem to be sufficient explanation for why the advanced quantile followed significantly different developmental trajectories than the delayed and average quantiles. From the analysis of dental quantiles, the null hypothesis again was rejected as the dental developmental trajectories (Tukey HSD test of Model 3) were all significantly different and not parallel. As with Model 1, this finding is consistent with existing maturation charts such as those by Moorrees et al. (1963) . It is interesting and noteworthy that while the dental developmental trajectories of the dental quantiles (Model 3) are all significantly different from one another, the delayed and average skeletal quantiles (Model 2) do not follow significantly different dental developmental trajectories.
Differences in skeletal development among the dental quantiles also reject the null hypothesis, although only the average and advanced dental quantiles followed significantly different skeletal developmental trajectories from each other. As the interaction term from Model 4 was not significant, it is apparent that these two quantiles followed different, yet parallel, trajectories. As depicted in Figure 2b , the difference between the average and advanced quantiles, while significant, is not great. Given this small difference, the variation of the delayed quantile shows an erratic pattern between the other two quantiles without being significantly different from either.
While the advanced subgroup is the only one that was consistently different throughout the analyses, these four models demonstrate that the relative relationship between the skeletal and dental systems are not the same throughout the range of IVDT.
This study did not take into consideration possible stressors that might influence the skeletal or dental development. It is possible that future research that considers such stressors will offer insight into possible tradeoffs occurring between the systems that might explain these unexpected results from skeletal based quantiles.
Conclusions
This research has demonstrated the importance of considering the possibility that those individuals towards the extremes of normal IVDT may follow different developmental trajectories than is fully characterized by the sample mean. We have shown Figure 2 . Logistic growth curves of dental quantiles: chronological age versus development. Plots of chronological age by proportion of completed dental (a) or skeletal (b) development based on dental development at age three, the delayed, average, and advanced dental quantiles. Logistic growth curves depict the developmental trajectories taken by those within each quantile. that for skeletal and dental development, the trajectories are significantly different between those who are delayed, average, and advanced early in life. That this significance varies, and that the trajectories are occasionally parallel when the opposite system is considered, suggests that the relationship between the development of the skeletal and dental systems is more complicated than has been previously explored.
It is important to note that while the skeletal and dental quantiles were assigned independently, there are 32 individuals who fall into the quantiles of interest for both systems (see Table 3c ). Of these individuals, less than a third were classified in the same level of quantile for both systems (5 delayed, 1 average, 4 advanced). Slightly over a quarter of the individuals who were delayed in one system were advanced in the other (3 delayed skeletal, 5 delayed dental). Based on the plethora of research finding a positive, and often significant, correlation between the systems, this discrepancy of a quarter of the individuals is surprising and warrants further investigation.
The variation between the systems' developmental trajectories has been shown to vary between individuals who were delayed, average, or advanced in their development at an early age, and additional research is needed to further explore the full range of IVDT.
